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SUMMARY

The room tempera:ure tensife strength of uncoated and two types of pyrelyoc boron nimide coated (PBN and Si-
rich PBN Hi-Nicalon SiC fibers was determined after 1 to 400 hy heat weatments 1o 1800 °C under N. pressures of 0.1. 2.
and 4 MPa_ and under 0.1 2Pa argon and vazuum environments. In addivon. strength stability of both the uncoated and
coated fibers embeddzd in silicon powder and exposed 10 0.1 MPa N, for 24 hrs at temperatures to 1400 °C was
investigated. The uncoated and both types of PBN coated fibers exposed to N for 1 hr showed noticeable strength
degradation above 1400° and 1600 °C, respectively. The strength degradation appeared independent of nitrogen pressure.
time of heat reatment, and surface coatings. TEM microstructural analysis suggests that flaws created duc to Si1C gran
growth are responsible for the strength degradation. In contact with silicon powder. the uncoated and both tvpes of PBN
coated fibers degrade rapidly above 1350 °C.

INTRODUCTION

Continuous SiC fibers derived from polvmner precursurs are being used as reinforcements of ceramic matrix
composites (CMC) for high temperature syuctural applications. These fibers have a higher strain-to-failure than the ceramic
matrix, and this together with an appropniately engineered interface, such as pyrolytc carbon (PC) or pyrolytic boron nitnde
(PBN) have lead 10 improved mechanical performance of CMC irefs. 1 and 2). The first generation of polymer derived 5:C
fibers. such as Nicalon and Tvranno fibers. generally contained $-SiC mictocrysials connected by SiO,C, grain boundanes
and free cahon <ref 31, It has been shovn that the stength of these fibers degrades afier a short time exposure (<5 kr) above
1200 °C in inent environments irefs 4 10 6). The degradation is determined to be associated with the void formation due to
decomposition of the $i0,C,. and exaggerated growth of f-SiC microcrystals in the fibers (refs. 4 10 6). Because of these
problems, CMC fabricated using these fibers are also limited to ~1100°C for long term use. To overcome this problem. a
second generation of polymer derivec SiC fibers, such as Hi-Nicalon and Hi-Nicalon-S$ fibers. have been developed. These
fibers have a higher elastic modulus, and creep resistance than Nicalon SiC fibers and contain near-stoichiometric g-SiC
microcrystals, amorphous carbon. and a small amount of silicon oxycarbide (<1 w1 %) (refs. 710 8). Preliminary studies by
Takeda et al. (refs. 9 10 30) indicate that Hi-Nicalon StC fibers retain their as-fabricated strength after 1 br exposure at
temperatures 1o 1400 °C in argon. The loss in tensile streagth above this temperature was atributed to grain growth and void
formation due tc decomposition of the 3i0,C, phase. In a recent study, Shimo et al. (ref. 11) have shown that the
teraperature of onset of decomposition reactior: in these fibers can be delayed to u temperature >1500 °C by heat mreating
them in nitrugen. These studies indicate that Hi-Nicalon SiC fibers are more stable than Nicalon fibers duning high
temperature fabrication of silicon-based CMC. such as SiC and Si.N,. and may also improve the long term reliability of
these composties.

The objectives of this study are to determine the upper temperature capabilicy of uncoated Hi-Nicaion SiC fibers.
and 10 evaluate the strength stabihity of the uncoated and PBN coated Hi-Nicalon SiC fibers under conditions typically uscd
for the fabrication of reaction-bonded Si.N; (RBSN) composites. The PBN and Si-rich PBN coaungs were chosen because
of their chemical compatibility and stabilin: with SiC fibers and the RBSN mamx



EXPERDMENTAL

The urcoatzd Hi-Nicalon SiC fibers for tis study were procured from Dew Coming. Midiand. Michizan. The
chermucal compositior: of the fiber as reported by the vencoris Si 1624 wt e C 371wt and O, (0.5 wt G As-
received Hi-Nizaion fibers were covted with a 0.5 um thick PBN or Si-nch PBN laver. The coaungs were apphed b
chemucal vapor depusition by Advanced Ceramic Corperauon. Cleveland. Ohio. For brevity the uncoated. PBN. ard S: ncx
PBN coated Hi-Nicalon SiC fibers will be her.cefont: referred 10 as the urccated. PBN. and S.-rich coated ficers.
respect velv.

For heat meatment. ~ 125 mm Jong fiders were plazed ir sepa-ate Grafeil envelope and heut treated euther in flowan;
high panity muogen for 1 to 400 hr. or n high pressure nirngen 5 2.5 and 4.0 MPa 2or L hr in the temperatige range
beiween 1300° and 1800 "C. Heat reatiments were conducted in 2 furnace equipped with carhon elements and ining. Seme
fiber specimens were also placed in a loosely packed bed of silicon powder 1n a alemina boat. ané heat teated at 1130, 1230,
1350 and 1400 °C fcr 24 hrs in lugh punty nizogen.

Room-temperature tensile srength of fibers were measurad in a cniversal tenstic testing machine at a cross-head
speed of 1.2 mm/min using standard fiber mounting procedure (zef. 2. Between 10 10 20 fibers were tested for each
exposure condition.

Scanning clectron microscopy (SEM 1 and tansmission electon microscopy (TEMS were used £o4 micicstructural
charactenzation. For TEM analysis. fibers ~3 mim 1n length were scctoned from the as-received and heat treated fiber tows.
Individual 3 mm fibers were then separated from the tows and glued onto a copper grid using a fas: drving epoxy. After the
epoxy hardened. the whole sample was ion-beam thinned to <300 nm. Microstructure of the Jonginudinal secuons of the
fibers was examined and analyzed using a Plullips 400T microscope operating a1 120 kV.

RESULTS AND DISCUSSION
Exposure Effects on Tensile Sgength

The room emperatwre lensile srengih of the uncoated fibers afier heat reamment 1n 0.1 MPa nitrogen for §. i, 100,
and 400 hr¢ in the emperature range between 25 and 1800 °C is shown in figure 1. Each data point represents the average
tensile srength of 10 1 20 individual tests. The error bar represents two standard deviations. Tencile strengths were calcu-
ated based on an average fiber diameter of 13 um, even though individual fiber diameters ir. a row varied from 9 1o 16 um .
According te figure 1. the fibers heat treated up o 1400 °C showsd a small loss in swengih (<10 percent) compared <o the as-
fabricated fibers. Ir. this temperature regime. hath the temperatur: and time of eaposure had a minor influence on the tensile
sgength. Above 1400 “C. the stength decreased significandy with increasing tme cf exposure at ary given temperature.

Effects of nirogen over-pressure on the room temperanre strengin of the uncoated fibers heat treated at
temperatures 10 1800 °C for | hr are shown in figure 2. This figure indicates that murogen pressurs Lad no significant
influence on the sength of heat treated fibers wp to 1400 “C. Above this iemperature. the fibers heat weatzd under niyosar
pressures of 2.5 and 4.0 MPa showed lower srength than those heat treated 1n 0.1 MP2 nitrogen pressure. but no definiie
correlation between nicrogen pressure and strength decradation was obsened.

To determine environmental effects on their swrength. the uncoated fibers were also heat treated for 1 hrin 0.7 MPa
argen and vacuum irom 25 1o 1800 °C and the results are shown in figure 2. Included in the figure for comparison purpesss
are the data for the uncoated fibers heat oeated in the same temperature range in 0.1 MPa nitrogen. All three plots showed
srmilar trends. indicating that the argon. vacuwm. and nigogen environments produced about the same strength loss
behavior. This suggests that the saength: degradation of the uricoated fibers is primarily a functon of temperature of heat
treatment and time of expocurs. and heat treatment environments play a secondary re'e.

Thermal exposure effects or the room temperature tensile swength of the PBN anc' Si-rich PBN coated fibers aftar
heat weatment in 0.1. 2.5. and 4.0 MPa nitrogen for 1 hr from 1200 10 1300 “C are showr: in figure 4. The room temperature
swrengths of uncoated fibers heat treated in 0.1 MPa nitrogen in the same temperature rznge are alse shown in the figwe for
comparison. Itis quite obvious from the figure that the room temperature strengths of the as-fabnicated and heat teated PBN
and Si-nch PBN coated fibers are in general lower than that of the uncoated fibers. In 2dcition. hath the uncoated ard PBN
ceated fibers retained their as-fabricated strength after | kr heat meatment up te 1604 “C: but abeve this temperawis. thev
shewed saength loss. Other notizeabic teatures o this plot arc that mtogen over- pressure had no significan: effect «n the
strength degradation of the coated fibers (a behavior similzr o that of the uncoated fibers under sumilar hea! Ucatment



conditions ). and that the difference beraeen the average strength of the uncoated and PBN coated fibers at any exposure
temperature ard time remained nearly the same. This suggests that the surface coating of the fiber does not contnbute to the
strength except by increasing the cross sectional area and possibly. due to poor quality of the coating, or coating process
damaging the fiber surface. It should be menuoned that the Si-nch PBN caated fibers showed a shight increase tn room
temperature strength with increasing temperature of heat treatmens up o 1600 “C. bui above this wmiperanure these fibers
also degraded simiiar to the uncoated fibers.

Figure 5 shows the room temperature tensile strengih of the uncoated. PBN coated. znd Si-nch PBN coated fibers
afier being embedded in silicon powder and heat weated in 0 1 MPa nimogen at 1130, 1250, 1350. and 1400 *C for 24 hrs.
All three type of fibers showed ro sgength loss up te 1300°C. At 1400°C, the strength of the uncoated fibers droppec
about half the criginal value. Duc tc exireme brittlensss and fragility. the PBN coated and S.-nch PBN coated fibers heat
treated at 1300 °C could not be tested.

Exposure Effects on Fiber Surface and Microstructure

SEM analysis of the fiber surface indicated no perceptible change 1n the surface morphology of the uncoated fibers
heat treated up to 1600 °C in nitrogen for 1 hr. Samples heat treated at 1800 °C showed nodules growing on the surfaze of
the fiber (not shown) The PBN and Si-rich PBN coatings on the fibers remained intact after nitrogen he. Teatment up to
1600 °C. but delamunated above this temperat:re. In contact with silicon powder, the uncoated. PBN coated and Si-nck PBN
coated fibers heat treated in N, at 1150. 1250, and 1350 °C for 24 hrs showed no indication cf a chemucal reaction. At
tugher temperature. however, all three type of fibers reacied with silicon powder: the uncoated fiber reacted the most

In order to evaluate time and temperature effects on the microstructure, the longitudinal sections of the fibers were
observed under a TEM. The microstructure of the as-received uncoated fibers showed very fine (average diameter ] 134nm!
ard randomly oriented SiC grains, which could be seen clearly in the dark field image, as shown in figure 6(a), throughout
the cross section . Afier thermal exposure, coarsenng of SiC grains surrounded by amorphous regions was observed n the
microstructure. Af temperatures to 1400°, SiC grain growth was slow with expasure ume. For ex - ple. even after 400 he
exposure at 1400 °C. the average size of the SiC grains was ~ twice that of the as-received uncoated fibers. At temperatures
>1500 >C, SiC grain growth was accelerated. After 1 hr heat reamment at 1800 °C. average grain diameter of S1C grains was
~3 to 4 times (=40+15 nm) that of the untreated as-received fibers: but after 100 hr exposure at the same temperature, these
grains grew 10 an average diameter of ~80=30 nm {fig. 6(b)). Apan from the crysialiine SiC phase. the fiber also contained
significant amount of an amorphous phase, which was rich 1 carbon and berdered the SiC grans. This phase also
coarsened with heat treatnent tite and temperature.

DISCUSSION

In general, polvmer derived SiC fibers contain SiC microctystals. excess carbon. and silicon oxycarbide The
amounts of excess phases present in the fiber vary depending on the pyrolysis condinons and cuning methods usec.
Themnally induced degradation mechanisms of polymer derived SiC fibers are gencrally related 10 two accepted
mechanisms: decomposition of silicon oxycarbide leading to increased porosity and flaw growth. and grain growth of the
microcrysulline SiC that exists in the as-praduced fiber (refs. 4 to 6). It has been shown previously that the thermal
degradation cecurring in the earlier grades of polymer denved SiC fibers was duc to decamposition of silicon oxycarbide
and could be delayed by heat treating them in high pressure argon (ref. 12;. but the coarsening of the SiC grains could not be
avoided.

The Hi-Nicalor fibers used in the cwrent study contain microcrystalline SiC. excess carbon. and a smal! amount of
stlicon oxycarbide (ref. 7). Thermodynamically. the silicon oxvcarbide phase should decompose, and S1C grains should
grow above cerain temperature depending on the exposure conditions. If the decomposition reaction is one of the dominant
reactions responsible for thermal degradation of the fibers, then heat treating the fibers under high pressure nitrogen should
delay the reaction. The high pressure nitrogen results showed no change in the onset of degradaton temperature. and TEM
results showed no evidence of intemal porosity 1 the heat treated fibers. Both thes. results suggest that decomposiicn
reaction may not be a dominant reaction responsibie for the strength degradation. On the other hand. TEM resuits reveal
increase n grain diameter with increasing heat weating temperature and ume. Correspondingly. the suength of the fibers
generally decreased with increasing grain dizmeter indicaung that flaws associated with grain growth is the mair factor
responsible for scength: degradation. The observed grain growth appears to be an intrinsic phenomenz and is not influenced
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bv the surfzse coatings. o by the heat weatng environment used in this study The coarseninz of 8:C grans wizth heat
Teatment temperature and tume i certanly refaied 10 kowening oF the gran boundary surface energy. but the role of excess
zarban and siheon ovvearhicde 1n azeelerating thiz growth i3 not clear. “The fact thar gratn groath s observed at temperature
as v a8 14906 “C suggests that itmay be promoted by empanues present in Gie as-recsive e | tihers. whih certaniy rzguires
further study

Restits of this saudy also indicate that in contact with silicen powder. the uncoared. PBN ceatzd. ard Si-rich PBN
coated fibers were siable orly to 1350 *C. Heowever. anove this wemperature, SEM studies showed that severe chenpead
reacrior occurrad Berwzen sticon powder and the sibers. possibly due o the farmation of S:C on Ghe surface of the fiters
Inabiity ¢ the cozings o prevent such reactons probabiv related to porosits or umperieclons present ¢n Qe coaling kevers.

SIMMARY OF RESULTS AND CONCLUSIONS

e effects of emperanure. ume. ané niroger: rressure on srength and mizrestrucuzal swhihy of unceated. PEN
coated. and Si-nch PBN coated fibers were determrenad. Soength stabihiny o1 all three tvpes of fibers under reacuor-bonded
siicon nimide processing conditions war evaiuaied. Kev resuls are follows.

{1 In poogen environment. uncoatad fibers showed sicnuficant saength degradation above 1400 °CL Swetace
coatmgs (PBN and Si-rich PBN}, nitrogen vver pressure. and exposure environments showed no s:gnificant inﬂuer*:e on the
cnsct of strength degradation. Microstructural charactenzanon results indicated that the strength de gradztion 1s cause
primanly by the flaws formed due 1w grewth of $1C mucrocrystals.

(21 In contact with silicon pewder and nitrogan. the uncoated and coared fibers degrade above 1350 *C Formaton
of $iC w5 a result of chemical reacuon between the excess carbon presept in the fiber and siiicon powder was the most bhely
mechanism for the srength degradation. Surface coating the dibers with 2 laver of CVD PBN or CVD 5i-rich PBN dic rot
prevent this reaction.

Thus st can be concluded that: (1)1n inert environments. upper femperatwre capabiins of the uncoated Hi-Nivalon
SiC fibers 1s imited to ~1400 °C: and (21 uncer RBSN processing condiuons. Hi-Nicalon SiC fibers are stable cniv ep o
1330 *C. Surface coatings mav not be helptul in protecung the fibers from degradatier..
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Figure 1.—Time and temperature effects on room temperature tensile strength of uncoated
Hi-Nicalon SiC fibers heat treated in 0.1 MPa in nitrogen.
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Figure 2.—Effects of pressure and temperature on rocem temperature tensile strength of
uncoated Hi-Nicalon SiC fibers heat treated in 0.1 MPa nitrogen for 1 hr.
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uncoated Hi-Nicalon SiC fibers heat treated for 1 hr.
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Figure 6.—~TEM micrographs showing microstructure of the longitudinal sections of uncoated Hi-Nicalon SiC fibers.
(a) As-received (dark field image). {b) After heat treatment in nitrogen at 1800 °C for 100 hr (bright field image).
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